This paper presents evidence that plant brassinosteroid (BR) hormones play a role in promoting germination. It has long been recognized that seed dormancy and germination are regulated by the plant hormones abscisic acid (ABA) and gibberellin (GA). These two hormones act antagonistically with each other. ABA induces seed dormancy in maturing embryos and inhibits germination of seeds. GA breaks seed dormancy and promotes germination. Severe mutations in GA biosynthetic genes in Arabidopsis, such as ga1-3, result in a requirement for GA application to germinate. Whereas previous work has shown that BRs play a critical role in controlling cell elongation, cell division, and skotomorphogenesis, no germination phenotypes have been reported in BR mutants. We show that BR rescues the germination phenotype of severe GA biosynthetic mutants and of the GA-insensitive mutant sleepy1. This result shows that BR stimulates germination and raises the possibility that BR is needed for normal germination. If true, we would expect to detect a germination phenotype in BR mutants. We found that BR mutants exhibit a germination phenotype in the presence of ABA. Germination of both the BR biosynthetic mutant det2-1 and the BR-insensitive mutant bri1-1 is more strongly inhibited by ABA than is germination of wild type. Thus, the BR signal is needed to overcome inhibition of germination by ABA. Taken together, these results point to a role for BRs in stimulating germination.
Because plants are not motile, the choice between continued dormancy and germination in the seed is of critical importance to plant survival. The establishment of seed dormancy in higher plants is influenced by environmental cues such as moisture, light, and temperature. Although little is known about how these cues are transduced into a physiological seed response, at least two hormones, abscisic acid (ABA) and gibberellins (GA) have been implicated (for review, see Koornneef and Karssen, 1994) . Broadly speaking, ABA and GA play antagonistic roles in regulating seed dormancy and germination. ABA establishes dormancy during embryo maturation, whereas GA is needed to break ABA-induced dormancy.
Much of our understanding of the balancing control by these hormones in determining the developmental state of the seed comes from studies involving hormone biosynthetic and response mutants in Arabidopsis. ABA-biosynthetic (aba) and ABAinsensitive mutants (abi) exhibit reduced seed dormancy with the latter showing insensitivity to ABA in germination assays (Koornneef et al., 1982 (Koornneef et al., , 1984 Finkelstein and Somerville, 1990; Finkelstein, 1994; Léon-Kloosterziel et al., 1996) . Mutants with an enhanced response to ABA (era), show increased sensitivity to ABA in germination compared to wild type. In contrast, severe mutations in genes that act early in GA biosynthesis including GA1, GA2, and GA3 cause failure to germinate (Koornneef and van der Veen, 1980) . The germination phenotype of GA biosynthetic mutants can be rescued by application of GA, by introduction of a transparent testa mutation (tt) or by the introduction of an ABA biosynthetic or ABA-insensitive mutation (Karssen and Lacka, 1986; Nambara et al., 1992; Léon-Kloosterziel et al., 1996; Steber et al., 1998; Debeaujon and Koornneef, 2000) . Although the relationship of GA and ABA in seed development is well established, the contribution of other hormones to these processes is unclear. Ethylene has been reported to stimulate germination and exposure of nongerminating GA auxotrophs to this gas does rescue the GA-dependent germination defect of these mutants (Karssen et al., 1989; Koornneef and Karssen, 1994) . Whether ethylene can reverse ABA-induced dormancy or stimulate germination in a GAindependent manner has not been determined. In this paper we show the plant hormone brassinosteroid (BR) is also involved in the control of germination in Arabidopsis. Furthermore, the role of BR seems to be similar to GA in that it helps to break ABA-induced dormancy and stimulate germination.
BRs are a family of over 40 naturally occurring plant steroid hormones found in a wide variety of plant species (for review, see Mandava, 1988; Arteca, 1995; Yokota, 1997; Clouse and Sasse, 1998) . BRs have been recovered from virtually every plant tissue but are most plentiful in the pollen and seeds (Arteca, 1995; Schmidt et al., 1997) . The chemical purification of brassinolide (BL), the active component of BR, has allowed the assignment of this hormone to a diverse variety of physiological responses including cell elongation, reduced root elongation, leaf bending and unrolling (epinasty), pollen tube growth, thermotolerance, and induction of ethylene biosynthesis (Mandava, 1988; Arteca, 1995; Salchert et al., 1998; Dhaubhadel et al., 1999) . Recent genetic evidence has further uncovered a role for BRs in control of skotomorphogenesis, the process by which etiolated seedlings grow a long hypocotyl, develop an apical hook, and fail to expand their cotyledons in the dark. Mutants deficient in BR biosynthesis or response fail to establish skotomorphogenesis and, therefore, develop similarly to light-grown plants (for review, see Clouse and Sasse, 1998; Schumacher and Chory, 2000) . In the light, BR mutants share a number of phenotypes with GA mutants in that they are dwarfed and show reduced male fertility. These shared phenotypes led to the misclassification of two pea BR mutants as GA insensitive (Reid and Ross, 1989; Nomura et al., 1997) . This study makes use of mutants in two BR genes, DET2 and BRI1. DET2 encodes a steroid 5 ␣-reductase required for BR biosynthesis (Li et al., 1996; Noguchi et al., 1999) . BRI1 encodes a Leu-rich repeat receptor kinase and is a good candidate for a BR receptor (Li and Chory, 1997; Friedrichsen et al., 2000; He et al., 2000) .
This study reports the observation that BRs stimulate germination. This observation was made while determining whether the GA-insensitive mutant sleepy1 (sly1) was involved in any aspect of BRregulated development. We previously determined that sly1 mutants do not show a de-etiolation response in the dark and that their dwarf phenotype is not BR-rescued (Steber et al., 1998) . This is compelling evidence that sly1 is not a BR mutant. In the course of this study, we found that BR stimulates the germination and hypocotyl elongation of sly1 and of GA biosynthetic mutants. Moreover, BR can be used to identify sly1 mutants in a screen for BR-dependent germination. Although no previous BR mutants have been shown to have a germination phenotype, this observation raised the question of whether BRs play a role in the Arabidopsis germination response. Here we present evidence that the BR biosynthetic mutant det2-1 and the BR-response mutant bri1-1 are more susceptible to inhibition of germination by ABA than wild type. The discovery of this germination phenotype in BR mutants suggests that the BR signal is required to reverse ABA-induced dormancy and stimulate germination in Arabidopsis.
RESULTS

BRs Rescue the Germination of GA Mutants
Severe GA biosynthetic mutants fail to germinate in the absence of exogenous GA hormone. To test if BR can stimulate the germination of these mutants, we measured the germination of ga1-3, ga2-1, and ga3-1 on increasing concentrations of the BR hormone 24-epibrassinolide (EBR). All seed were sterilized in a single tube so that all data points received the same treatment. Seeds were plated on Murashige and Skoog medium lacking hormone, on 10 m GA 3 , and Figure 1 . Rescue of germination in GA biosynthetic mutants by EBR. Percent germination of ga1-3 (A), ga2-1 (B), and ga3-1 (C) on increasing concentrations of EBR. Germination was scored for 30 to 60 seeds per hormone concentration after 4 d at 4°C followed by 5 d at 22°C. Error bars indicate SE for average of four independent experiments for A, and three independent experiments for B and C.
on a different concentrations of EBR ranging from 0.1 to 2 m. Germination was scored after 5 d. As expected, 100% germination was observed on the 10-m GA 3 plate. It is interesting that EBR showed a concentration-dependent rescue of the germination phenotype ( Fig. 1 ). At 2 m EBR an average germination rate of 66% was observed in ga1-3, 92% in ga2-1, and 91% in ga3-1. This can be compared with an average germination rate of 0%, 30%, and 2% in the absence of hormone, respectively. To confirm that rescue by EBR is not due to impurities, the experiment was repeated for ga1-3 with ultrapure BL (a gift from T. Yokota). BL also rescues ga1-3 germination. For a single seed lot, 0.1 m BL resulted in 30% germination, whereas 0.1 m EBR resulted in 24% germination.
To test if EBR also rescues the germination of the GA-insensitive mutant sleepy1-2 (sly1-2), sly1-2 seeds were plated on an EBR concentration gradient. In the experiment shown in Figure 2 , sly1-2 germinated at 81% on 2 m EBR, as opposed to 20% in the absence of hormone. The observation that BR promotes germination of GA mutants suggests that BRs play a role in the decision to germinate.
This result predicts that GA-insensitive mutants may be recovered based on EBR-dependent germination. To test this notion, a total of approximately 9,000 fast-neutron mutagenized M2 seed from nine pools were plated on Murashige and Skoog medium. After 5 d under lights un-germinated seed were transferred to medium containing 1 m EBR. Of 40 M2 candidates that germinated on EBR, a single mutant retested for the EBR-dependent germination phenotype in the M3. This candidate resembled ga1-3 in that it had flat dark green leaves and was partly infertile. However, none of these phenotypes was rescued by GA 4 or by EBR. Subsequent segregation and complementation test data indicated that this was a new allele of SLY1, designated sly1-10 (data not shown). Thus, EBR provides a new method for identifying GA-insensitive mutants causing failure to germinate.
BRs Stimulate Hypocotyl Elongation of GA Mutants But Do Not Rescue Dwarfism
The observation that BRs rescue the germination phenotype of GA mutants raises the question of whether BRs do so by breaking dormancy, or by stimulating cell elongation. The capacity of BR to stimulate cell elongation can be quantified by assaying hypocotyl elongation in the dark (Li et al., 1996; Szekeres et al., 1996) . Dark-grown hypocotyls are used to avoid the inhibition of cell elongation by light. We examined the effect of EBR and of GA 4 on elongation of dark-grown hypocotyls of det2-1, ga1-3, and sly1-2. The BR biosynthetic mutant det2-1 was included in this experiment as a positive control since EBR has been demonstrated to cause elongation of det2 hypocotyls in the dark (Li et al., 1996) . Wild-type Arabidopsis ecotypes Landsburg erecta (Ler) and Columbia (Col), det2-1, ga1-3, and sly1-2 seeds were sterilized and plated on medium without hormone and on increasing concentrations of EBR and GA 4 . After 4 d of incubation at 4°C followed by 10 d at 22°C in the dark, the average length of hypocotyls was determined (Fig. 3) .
On GA 4 , ga1-3 cell elongation was rescued, but det2-1 and sly1-2 elongation was not. On average, wild-type Ler reached 14.9 mm in length in the absence of hormone (data not shown). A concentration of 1 m GA 4 rescued ga1-3 hypocotyl elongation giving an average length of 14.3 mm, whereas det2-1 and sly1-2 hypocotyl length reached 9.25 and 5.25 mm, respectively (Fig. 3A) . This is consistent with previously published reports that BR biosynthetic mutant det2-1 is unaffected by GA (Li et al., 1996) and that sly1-2 is GA insensitive (Steber et al., 1998) .
Elongation of ga1-3 and sly1-2 hypocotyls was partly rescued by EBR. As expected for the positive control, the average length of det2-1 hypocotyls was fully rescued to 14.7 mm at 0.6 m EBR (Fig. 3B) . This is comparable with the length of 16.1 mm of wildtype Col hypocotyls in the absence of hormone (data not shown). The average length of ga1-3 hypocotyls increased from 4.6 mm without hormone to 9.4 mm at 1 m EBR. The average length of sly1-2 hypocotyls increased from 5.5 mm without hormone to 10.4 mm at 1 m EBR. These lengths are 64% and 71%, respectively, of the maximum length seen in EBR-rescued det2-1 hypocotyls. Hence EBR can stimulate hypocotyl elongation of GA mutants but does not fully rescue hypocotyl elongation. This suggests that stimulation of cell elongation may be one mechanism by which EBR stimulates germination of GA mutants.
The result above was unexpected because BRs do not rescue dwarfism of light-grown GA mutants. We previously reported that BRs do not rescue the dwarfism of light-grown sly1-2 mutants (Steber et al., 1998) . To confirm that BRs do not rescue the dwarfism of light-grown ga1-3 plants, we compared the effect of BL on det2-1 and ga1-3 plants. Four plants of each genotype were sprayed with water or with an aqueous solution of 1 m BL every 3 d for 1 month. As expected, application of BL did not rescue the dwarfism of ga1-3, but did rescue elongation and unrolling of det2-1 leaves and petioles. Thus, BRs do not rescue dwarfism of light-grown GA mutant plants. Hence, the effect of EBR on the GA mutant appears to be specific to promotion of hypocotyl elongation.
BR Mutants Show Increased Sensitivity to ABA in Germination
If BRs play a role in germination, one would expect BR mutants to show a germination phenotype. Paradoxically, all known BR mutants germinate well (for review, see Clouse and Sasse, 1998). We reasoned that if BR is needed to stimulate germination, BR mutant seed germination might be inhibited by lower concentrations of ABA than wild-type seed. To test this hypothesis, we examined the germination of det2-1 and bri1-1 on increasing concentrations of ABA. The results shown in Figure 4 indicate that both det2-1 and bri1-1 have increased sensitivity to ABA in germination compared with wild-type Col. Both det2-1 and bri1-1 germination were significantly inhibited at 0.6 m ABA, whereas Col germination was not significantly inhibited until 1.2 m ABA. After 5 d at 0.6 m ABA, det2-1 showed 3% germination, bri1-1 showed 12% germination, and wild-type Col showed 95% germination. Thus, BR biosynthesis and sensitivity is needed to antagonize inhibition of germination by ABA.
DISCUSSION
Are BRs Required for Germination?
This paper presents evidence that BRs play a role in germination. In Arabidopsis, ABA is required to set up seed dormancy during embryo maturation, Figure 4 . Dose-response of germination to ABA. Compares percent germination of Col wild-type (f) to det2-1 (Ⅺ) (A) and of Col wildtype to bri1-1 (B). Percent germination was determined for over 50 seeds for det2-1 and for over 30 seeds for bri1-1.
whereas GA is required to break dormancy and to germinate (Koornneef and Karssen, 1994) . We propose that BRs are also needed to antagonize seed dormancy and stimulate germination. This is based on two observations: BR partly rescues the germination of GA biosynthetic and GA insensitive mutants (Figs. 1 and 2) , and BR biosynthesis and response mutants show increased sensitivity to ABA in germination (Fig. 4) .
While highly suggestive, the observation that BR stimulates the germination of GA mutants does not prove a role for BRs in germination. For example, EBR-stimulated germination may be a response to BR overdose since we do not know if BR application results in physiological hormone levels. Further, none of the mutants in BR biosynthesis or response have a germination defect. It is possible that the BR mutants germinate because they are leaky, or because the plant embryo compensates for reduced BR signaling either by reducing ABA biosynthesis or by increasing GA biosynthesis or sensitivity. Measuring ABA and GA levels in seeds might detect such scenarios. The strongest evidence for a role of BR in germination is the increased ABA sensitivity caused by det2-1 and bri1-1 mutations (Fig. 4) . This demonstrates that decreased BR biosynthesis or response increases sensitivity to ABA in germination. Application of exogenous ABA to these seeds detects the reduced germination potential of BR mutants. This phenotype resembles that of era1. Although era1 is more sensitive to exogenous ABA than det2-1 or bri1-1, in principle, BR mutants could be identified in a screen for enhanced response to ABA (Cutler et al., 1996) . The hypothesis that BR is involved in germination is supported by the presence of the BRs castasterone and 24-EBR in Arabidopsis seeds (Schmidt et al., 1997) .
The observation that BR plays a role in germination has implications for the study of dormancy and germination. GA alone cannot account for all of the environmental effects on seed dormancy and germination. For example, sensitivity to GA in germination is increased by light and chilling, even in a ga1-2 mutant background (Derkx and Karssen, 1993) . This stimulation of GA sensitivity in germination may be related to BR. In addition, BR gives a tool for the study of severe GA-insensitive mutants like sly1. Germination of sly1 is partly rescued by exogenous EBR, but not by GA (Fig. 2) . In fact, we identified a new allele, sly1-10, in a screen for EBR-dependent germination. Finally, stimulation of seed germination by BR may be useful in efforts to preserve germplasm (Yamaguchi et al., 1987; Takeuchi et al., 1997) .
Possible Mechanisms for BR Stimulation of GA Mutant Seed Germination
Germination results from breakdown of the seed coat and expansion of the embryo. Initially, BR seemed likely to act through seed coat breakdown, since EBR does not stimulate hypocotyl elongation of the GA biosynthetic mutant ga5-1 (Szekeres et al., 1996) . Our data, however, show that EBR stimulates hypocotyl elongation of ga1-3 and sly1-2 in the dark (Fig. 3) . Thus, partial rescue of seed germination in these mutants might be due to stimulated hypocotyl elongation. Auxin also stimulates cell elongation but does not to rescue germination of ga1-3 (Koornneef and Karssen, 1994) . Thus, if BR stimulates germination via embryo expansion, this effect is likely specific to germination.
A previous study showed that ethylene gas rescues germination of ga1-1 (Karssen et al., 1989; Koornneef and Karssen, 1994) . That BR stimulates ethylene production in stem tissue (Arteca, 1995) raises the question of whether BR stimulates ga1-3 germination via ethylene production. There are several arguments against this theory. First, light inhibits BR-induced ethylene production in mung bean (Mandava, 1988; Arteca, 1995) . Our study shows stimulation of germination under constant light. Second, ethylene levels were not elevated in cress seedlings following BR treatment of seeds (Jones-Held and VanDoren, 1996) . Finally, ethylene completely rescues ga1-1 germination, and the resulting seedlings exhibit the triple response (Karssen et al., 1989) . In contrast, BR partially rescues ga1-3 germination (66%, Fig. 1) , and the resulting seedlings do not show the triple response (data not shown).
Interactions between Hormone Signaling Pathways
This paper raises the possibility that BR signaling interacts with ABA or GA signaling during germination. Previous studies suggest that the BR signal transduction pathway interacts with auxin, GA, and ABA signaling (Mandava, 1988; Clouse and Sasse, 1998; Ephritikhine et al., 1999) . GA antagonizes ABA in part by controlling gene expression. For example, the GA-induced gene GASTA1 is repressed by ABA in Arabidopsis (Raventos et al., 2000) . A similar antagonism may exist between ABA and BR in germination. If so, this antagonism is specific to germination as ABA and BR do not have opposing effects on root elongation. Both ABA and BR inhibit root elongation. The bri1-1 mutant was previously shown to have increased sensitivity to ABA-inhibition of root growth (Clouse et al., 1996) .
Partial rescue of the germination and dark hypocotyl elongation phenotypes of GA mutants by EBR raises the possibility that GA and BR interact in these physiological processes. If the GA and BR signaling pathways modulate one another, they may do so through effects on one another's biosynthesis or response. Our data suggest that BRs act in parallel or downstream of GA to regulate cell elongation and germination. BR application only partly rescues GA mutant seed germination. Thus, stimulation of ger-mination by GA cannot result solely from increased BR biosynthesis or sensitivity. Since BR stimulates the germination of a GA-insensitive mutant sly1, it is unlikely that BR acts by increasing GA sensitivity. It is possible that BR acts by stimulating GA biosynthesis. If so, then GA should rescue the germination phenotype of BR mutants.
MATERIALS AND METHODS
Plant Material
Arabidopsis ecotypes Landsburg erecta (Ler) and Columbia (Col) were used in these experiments. The ga1-3, ga2-1, ga3-1, bri1-1, and det2-1 mutant seed were obtained from the Arabidopsis Biological Resource Center. Fast neutronmutagenized Ler M2 seed were obtained from Lehle Seeds.
Growth Conditions and Germination Experiments
Most plants were grown under continuous fluorescent or halide light (100-150 E m Ϫ2 s Ϫ1 ) at 22°C. The bri1-1 mutant was grown under a 16-h photoperiod to improve seed set. Seeds used for comparison were as close as possible in age and were between 2 weeks and 6 months old. Plants containing GA biosynthetic mutations were sprayed weekly with 10 m GA 3 to rescue fertility. Before plating, seeds were surface sterilized by incubation in 10% (v/v) bleach/0.01% (v/v) SDS for 10 min, followed by four to six washes with sterile water. Seeds were imbibed for 4 d at 4°C to encourage synchronous germination, then moved to constant fluorescent lighting (50 E m Ϫ2 s Ϫ1 ) at 22°C. Percent germination was determined after 5 d. Seeds with emerging cotyledons were scored as germinated. Seeds were germinated on 0.8% (g/v) agar containing 0.5ϫ Murashige and Skoog basal salt mixture (Sigma, St. Louis), buffered to pH 5.7 with 5 mm 2-[N-morpholino] ethanesulfonic acid (MES). Stock solutions of GA (Sigma), 24-EBR (Sigma), and BL (a gift from T. Yokota) were in ethanol. Stock solutions of ABA (mixed isoschizimers, Gibco-BRL, Cleveland) were in methanol. Plant hormones were added to autoclaved media after cooling to approximately 55°C.
Hypocotyl Elongation Assay
Seeds were sterilized as described above with the exception that seeds were treated with 20% (v/v) bleach/0.01% (v/v) SDS for 20 min to reduce fungal contamination. Germination of ga1-3 seeds in the dark was stimulated by cutting the seed coat (Telfer et al., 1997) . Sterilized seeds were plated in medium containing the indicated concentration of phytohormones. Plates were wrapped in three layers of aluminum foil and kept in an opaque box in the same 22°C incubator used for the germination experiments. All plates were imbibed for 4 d at 4°C and then transferred to 22°C. After 10 d the length of 10 hypocotyls was determined for each hormone concentration, and an average calculated. Due to poor germination frequency, five to 10 hypocotyls were used for the ga1-3 in the absence of hormone. It should be noted that higher concentrations of EBR cause the hypocotyls to kink. Hence, hypocotyls were pulled straight during measurement using forceps.
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